Lifetime fitness consequences of early-life ecological hardship in a wild mammal population by Marshall, H et al.
Ecology and Evolution 2017; 1–13	 	 	 | 	1www.ecolevol.org
Received:	4	October	2016  |  Revised:	1	December	2016  |  Accepted:	22	December	2016
DOI:	10.1002/ece3.2747
O R I G I N A L  R E S E A R C H
Lifetime fitness consequences of early- life ecological hardship 
in a wild mammal population
Harry H. Marshall1  | Emma I. K. Vitikainen1 | Francis Mwanguhya2 |  
Robert Businge2 | Solomon Kyabulima2 | Michelle C. Hares1 | Emma Inzani1 |  
Gladys Kalema-Zikusoka3 | Kenneth Mwesige2 | Hazel J. Nichols4 |  









































demonstrates	 how	 early-	life	 ecological	 conditions	 can	 produce	 different	 selection	
pressures	on	males	and	females.
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1  | INTRODUCTION
From life’s school of war: what does not kill me makes me 
stronger. 
Friedrich Nietzsche (1889), Twilight	of	the	Idols
The	principle	 that	 a	 good	 start	 in	 life	 can	have	many	advantages	
later	on	is	well	recognized	in	ecology	and	evolution	(Lindström,	1999;	
Monaghan,	 2008).	 Indeed,	 numerous	 ecological	 studies	 have	 shown	
that	 favorable	 early-	life	 ecological	 conditions	 have	 positive	 “silver-	
spoon”	effects	on	individuals’	later-	life	survival	(Cartwright,	Nicoll,	Jones,	
Tatayah,	&	Norris,	2014;	Reid,	Bignal,	Bignal,	McCracken,	&	Monaghan,	
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Recently,	however,	there	has	been	growing	evidence	that	the	ef-
fect	 of	 early-	life	 ecological	 conditions	 on	 later-	life	 fitness	 is	 not	 so	




superb	 starlings	 (Lamprotonis superbus)	which	 hatched	 in	 a	 low	pre-
breeding	rainfall	year	(an	indicator	of	poor	ecological	conditions	in	this	
system)	had	lower	rates	of	DNA	methylation	which	in	turn	was	asso-
ciated	with	a	greater	probability	of	breeding	 in	 later	 life	 (Rubenstein	
et	al.,	2016).	There	 is	 also	evidence	 that,	despite	an	overall	positive	
effect	of	favorable	early-	life	ecological	conditions	on	fitness,	cohorts	
of	male	great	tits	(Parus major)	born	in	poor	years	live	longer	and	have	
greater	 reproductive	 success	 (Wilkin	&	 Sheldon,	 2009).	 It	 has	 been	
proposed,	 but	 not	 tested,	 that	 this	 relationship	 could	 arise	 because	
of	 increased	maternal	 investment	 during	 harsh	 periods	 (Rubenstein	
et	al.,	2016),	or	stronger	selection	during	periods	of	hardship	(Garratt	
et	al.,	2015;	Wilkin	&	Sheldon,	2009).	These	findings	may	also	relate	
to	 a	widely	 recognized	 phenomenon	 in	 laboratory	 animals	 and	 hu-
mans	that	dietary	restriction,	without	malnutrition,	has	beneficial	ef-
fects	such	as	 increased	longevity	(e.g.,	Colman	et	al.,	2009;	Fontana,	
Meyer,	 Klein,	 &	 Holloszy,	 2004;	 Masoro,	 2006;	 McCay,	 Crowell,	 &	
Maynard,	1935;	Zhang	et	al.,	2013).	Second,	there	is	evidence	that	in-
dividuals	can	adjust	life-	history	trajectories	to	achieve	similar	lifetime	
fitness,	 despite	 differing	 early-	life	 conditions	 (Gluckman,	Hanson,	&	
Spencer,	2005;	Monaghan,	2008;	Nettle	&	Bateson,	2015;	Taborsky,	
2006).	 For	 example,	 Seychelles	 warblers	 (Acrocephalus sechellensis)	




Komdeur,	 2013).	Third,	 early-	life	 effects	 in	 later	 life	 are	 often	man-


















spring	 phenotype,	 that	 is,	 the	 maternal	 effect,	 should	 be	 affected	
by	 the	 magnitude	 and	 predictability	 of	 the	 environment’s	 fluctua-
tions	 (Hoyle	&	Ezard,	 2012;	Kuijper	&	Hoyle,	 2015).	There	 are	 also	
instructive	examples	from	studies	of	human	medicine	and		psychology	
suggesting	that	the	variability	of	conditions	experienced	during	early-	
life	 may	 have	 important	 later-	life	 implications.	 First,	 exposure	 to	 a	





Yazdanbakhsh,	 Kremsner,	 &	van	 Ree,	 2002).	 Second,	 exposure	 to	 a	
wide	variety	of	psychological	stressors	during	childhood	may	have	im-
portant	effects	on	aspects	of	 cognitive	development,	with	evidence	
that	 a	 stressful	 childhood,	 while	 impinging	 on	 health	 and	 wellbe-












may	 result	 from	changes	 in	 the	amount	of	 care	 received	during	de-
velopment	 (Rubenstein	 et	al.,	 2016)	 or	 the	 quality	 of	 offspring	 that	
survive	 to	 adulthood	 (Garratt	et	al.,	 2015;	Wilkin	&	Sheldon,	2009).	
Second,	how	do	early-	life	ecological	conditions	affect	lifetime	survival	








F IGURE  1 Banded	mongooses	(Mungos mungo)	moving	as	a	group	
and	inspecting	what	lies	ahead.	Photo	credit:	Feargus	Cooney
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2014;	Hammers	et	al.,	2013)	and	(2)	differ	between	males	and	females	
(Kruuk	et	al.,	1999;	Millon	et	al.,	2011;	Wilkin	&	Sheldon,	2009).
2  | MATERIALS AND METHODS
2.1 | Study system
We	 conducted	 our	 study	 between	 September	 1999	 and	 March	
2014	on	a	long-	term	study	population	of	banded	mongooses	on	the	
Mweya	Peninsula	in	Queen	Elizabeth	National	Park,	Uganda	(0°12′S,	




Banded	mongooses	 (Figure	1)	 are	diurnal	 carnivores	 (<2	kg)	 that	
live	in	stable,	mixed-	sex	groups	of	around	10–30	individuals	and	whose	
diet	mainly	 consists	 of	 small	 invertebrates	 (Rood,	 1975).	 Individuals	




Their	 average	 lifespan	 is	 around	 3.5	years	 (males	=	42	months,	 fe-
males	=	38	months,	 max	=	149	months,	 Cant	 et	al.,	 2016),	 and	 sur-





communal	 litter,	 usually	 on	 the	 same	morning	 (Cant,	 2000;	 Hodge,	
Bell,	&	Cant,	2011).	Pups	 remain	 in	 the	den	 for	 approximately	 their	















We	 collected	 climate	 data	 daily	 from	 a	 weather	 station	 situated	
centrally	 at	 our	 study	 site.	We	 selected	 rainfall	 as	 our	 measure	 of	
ecological	 conditions	 since	 it	 is	 relatively	 variable	 at	Mweya	 (mean	
monthly	rainfall	±	SD	=	61	±	41	mm,	n	=	152	months),	while	tempera-
ture	 is	 reasonably	constant	 (mean	of	monthly	mean	maximum	daily	







period:	 two	wet	 seasons,	 one	 shorter	 (March–May)	 and	one	 longer	
(August–December),	 divided	by	 two	dry	 seasons	 (January–February	
and	 June–July;	 Figure	3a,	 Marshall	 et	al.,	 2016).	 Consequently,	 we	
used	the	mean	and	standard	deviation	of	the	monthly	rainfall	in	mon-
gooses’	first	year	of	 life	as	our	measure	of	 the	mean	and	variability	











We	 further	 explored	 the	 ecological	 relevance	 of	 rainfall	 at	 our	
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trap	transects	set	between	August	2013	and	February	2015.	At	the	
end	of	each	month,	we	set	pitfall	traps	on	40-	m	transects	at	four	ran-
domly	chosen	 locations.	Each	 transect	 consisted	of	five	pitfall	 traps	
set	at	10-	m	intervals	along	the	transect	line.	Pitfall	traps	consisted	of	
smooth-	side	 plastic	 drinking	 cups	 (9	cm	 tall	with	 circular	 tops	 7	cm	
in	diameter)	buried	so	that	their	rims	were	flush	with	the	level	of	the	
ground.	These	were	filled	with	water	 to	c.	3	cm	deep	and	a	drop	of	
detergent	 to	break	 the	water’s	surface	 tension	and	ensure	captured	
invertebrates	fell	 into	the	water	rather	than	being	caught	on	its	sur-
face.	The	 traps	were	 collected	 after	 24	hr,	 and	 their	 contents	were	
sieved	out	 and	 frozen	 in	 ziplock	bags	 in	 a	−20°C	 freezer.	At	 a	 later	
date,	the	contents	of	the	pitfall	traps	in	each	transect	were	then	sorted	












from	 36	 transects	 from	 9	months	 (some	 monthly	 samples	 were	
lost).
2.2.2 | Banded mongooses
We	 visited	 our	 study	 groups	 for	 at	 least	 20	min	 every	 1–3	days,	
during	which	we	noted	the	presence	or	absence	of	individuals.	We	
could	distinguish	between	absences	due	to	dispersal	from	the	group	
and	 due	 to	 death	 since	 in	 banded	 mongooses	 dispersal	 involves	









ping	 (Cant,	2000;	 Inzani	et	al.,	2016).	Births	occur	overnight	 in	an	
underground	den	and	were	 identified	by	 the	absence	of	pregnant	








Kyabulima,	Ruedi,	 and	Cant	 (2010)	 for	 further	details	of	 the	 trap-
ping	procedure.





survival	 during	 development	 and	 later-	life	 reproduction	 (Gilchrist,	
Otali,	&	Mwanguhya,	2004;	Hodge,	2005).	Similarly,	parental	social	
rank	has	been	shown	to	 influence	 individuals’	 access	 to	 resources	






of	 the	 same	adult	 for	more	 than	50%	of	 the	group	visit	 (Gilchrist,	
2004;	 Sanderson	 et	al.,	 2014).	 Social	 dominance	 increases	 with	
age	in	banded	mongooses	(e.g.,	Cant,	Nichols,	Johnstone,	&	Hodge,	
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2.3 | Statistical analyses
2.3.1 | Effects of ecological conditions on 










intercept.	 The	 abundance	 data	 were	 overdispersed	 but	 not	 zero-	




to	 ensure	 they	 were	 normally	 distributed	 with	 a	 homogeneous	
variance.
2.3.2 | Effects of early- life ecological conditions on 
banded mongooses
Mirroring	our	research	questions,	we	conducted	our	analyses	of	the	
effect	 of	 early-	life	 ecological	 conditions	 in	 two	 stages:	 (1)	 effects	
during	early-	life	and	(2)	lifetime	fitness	effects,	fitting	our	models	to	
males	 and	 females	 separately.	 Banded	mongooses	 are	 fully	 grown	
and	reach	sexual	maturity	between	the	ages	of	1	and	2	years	(zone	
ii	 in	Figure	2;	Cant	et	al.,	2016).	Therefore,	 in	stage	2	of	our	analy-
ses,	 we	 only	 included	 individuals	who	 had	 survived	 to	 2	years	 old	

















to	 spurious	 findings	 in	 the	 analysis	 of	 life-	history	 traits	 (Grosbois	
et	al.,	2008;	Murray,	2006),	are	not	expected	in	this	system.	Within-	
group	reproductive	synchrony	does	form	cohorts	of	individuals	born	
in	 the	same	communal	 litter	who	all	experience	 the	same	early-	life	








We	conducted	our	 analyses	using	 generalized	 linear	mixed	ef-
fect	models	 (GLMMs).	The	residuals	of	models	fitted	using	normal	
error	structures	 (mass	at	1	year	old	and	adult	mass)	were	checked	
to	 ensure	 they	were	 normally	 distributed	with	 constant	 variance.	
Models	fitted	 to	 count	data	used	a	Poisson	error	 structure	unless	
they	were	overdispersed.	Where	 this	occurred,	 following	Harrison	
(2014),	models	were	fitted	using	a	Poisson	 log-	normal	error	struc-
ture	 and	an	observation-	level	 random	effect	 (lifespan	models)	 un-
less	the	data	were	zero-	inflated	 in	which	case	a	negative	binomial	
error	 structure	 was	 used	 (lifetime	 reproductive	 success	 models).	
We	used	 the	same	model	 selection	procedure	as	our	complemen-
tary	 study	of	 the	 effect	 of	 ecological	 conditions	during	 adulthood	













model	 fitting	 issues	 such	 as	 variance	 inflation	 in	 effect	 estimates	
(max	 r	=	.36,	Freckleton,	2011).	We	performed	all	analyses	 in	R	 (R	
Core	Team,	 2014),	 fitting	GLMMs	 using	 the	 lme4	 package	 (Bates,	
Maechler,	Bolker,	&	Walker,	2014).
3  | RESULTS
3.1 | Effects of ecological conditions on invertebrate 
prey abundance and diversity
Invertebrate	prey	abundance	was	predicted	by	the	pattern	of	rainfall	
in	the	preceding	12	months:	prey	abundance	increased	with	the	mean	
monthly	 rainfall	 in	 the	 previous	 12	months	 (β	±	SE	=	0.16	±	0.06,	
χ2	=	5.70,	 p	=	.017;	 Figure	4a)	 and	 decreased	 with	 the	 stand-
ard	 deviation	 of	 monthly	 rainfall	 in	 the	 previous	 12	months	
(β	±	SE	=	−0.11	±	0.04,	 χ2	=	4.50,	 p	=	.034;	 Figure	4b).	 Invertebrate	
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p	=	.38;	 SD	 rainfall:	 χ2	=	2.96,	 p	=	.09).	 Invertebrate	 prey	 diversity	





influenced	 by	 longer-	,	 rather	 than	 shorter-	term	 patterns	 in	 rainfall.	
This	is	consistent	with	other	studies	showing	that	ground-	dwelling	in-
vertebrates	can	have	long	life	cycles	(e.g.,	2	years	in	millipedes,	Lewis,	
1971)	 and	 that	 their	 abundance	 can	be	more	 greatly	 influenced	by	
longer-	term	rainfall	patterns	 (Kwok,	Wardle,	Greenville,	&	Dickman,	
2016).
3.2 | Effects of early- life ecological conditions on 
banded mongooses


















































β SE χ2 p β SE χ2 p
Maternal	
rank
Intercept 0.34 0.67 0.64 0.74
Mean	monthly	rainfall	in	first	year 0.004 0.01 0.17 .68 0.01 0.01 0.31 .58
SD	monthly	rainfall	in	first	year 0.01 0.01 2.00 .16 −0.004 0.01 0.49 .49
Paternal	
rank
Intercept 0.40 0.75 0.17 0.87
Mean	monthly	rainfall	in	first	year 0.01 0.01 1.33 .25 0.01 0.01 0.47 .49
SD	monthly	rainfall	in	first	year −0.01 0.01 0.66 .42 0.002 0.01 0.10 .75
Social	care	
received
Intercept −0.22 2.91 3.37 2.04
Mean	monthly	rainfall	in	first	year 0.02 0.04 0.33 .56 −0.04 0.03 2.15 .14
SD	monthly	rainfall	in	first	year −0.02 0.04 0.24 .63 −0.02 0.03 0.42 .51
Ratio	of	adults	to	pups	in	the	
group
−0.02 0.14 0.02 .90 −0.18 0.11 2.12 .15
Mass	at	
1	year	old
Intercept 1,329.35 248.83 1,082.51 222.98
Mean	monthly	rainfall	in	first	year −4.48 2.90 2.33 .13 0.40 3.64 0.04 .84
SD	monthly	rainfall	in	first	year 3.72 1.95 3.68 .06 0.20 1.38 0.02 .88
Survival	to	
1	year
Intercept −0.12 1.53 1.78 1.55
Mean	monthly	rainfall	in	first	year −2.52E−04 0.02 1.36E−04 .99 −0.03 0.02 2.04 .15
SD	monthly	rainfall	in	first	year −0.001 0.01 0.01 .94 −4.70E−04 0.01 0.001 .97
8  |     MARSHALL et AL.







males	born	 in	more	variable	rainfall	years	did	 live	 longer	 (Figure	5h).	
Ultimately,	 this	 translated	 into	 males	 born	 in	 more	 variable	 rainfall	
















Early-	life	 ecological	 conditions	 had	 lifetime	 consequences	 for	 male	
banded	mongooses.	More	variable	early-	life	conditions	had	positive	
effects	 on	 males’	 lifespan	 and	 lifetime	 reproductive	 success,	 sug-
gesting	a	 relaxation	of	 life-	history	 trade-	off	constraints.	 In	contrast,	
changes	in	mean	early-	life	conditions	influenced	males’	relative	fertil-







Males	who	 experienced	 more	 variable	 rainfall	 in	 early-	life	 lived	
longer	and	had	greater	lifetime	reproductive	success.	We	have	shown	
previously	 that	more	variable	 rainfall	 is	 associated	with	higher	adult	







β SE χ2 p β SE χ2 p
Body	condition Intercept 1,451.14 113.43 1,211.50 303.06
Age 17.26 4.26 16.08 <.001 12.61 7.91 2.51 .11
Mean	monthly	rainfall	in	first	year −3.68 1.81 4.26 .04 0.19 4.76 2.00E−05 .99




Intercept −7.10 4.63 2.96 4.72
Mean	monthly	rainfall	in	first	year 0.06 0.05 1.76 .19 −0.04 0.07 0.40 .53







Intercept −6.77 1.59 5.02 3.30
Mean	monthly	rainfall	in	first	year 0.08 0.03 9.47 .002 −0.08 0.05 3.44 .06




Intercept −3.61 3.58 0.46 4.28
Mean	monthly	rainfall	in	first	year 0.01 0.06 0.02 .89 −0.01 0.06 2.49 .11
SD	monthly	rainfall	in	first	year 0.08 0.04 5.14 .02 −0.002 0.03 3.11 .08
Lifespan Intercept 6.47 0.64 7.50 0.60
Mean	monthly	rainfall	in	first	year −3.12E−04 0.01 −0.01 0.01 0.37 .54
SD	monthly	rainfall	in	first	year 0.015 0.005 7.27 .01 −0.01 0.01 2.23 .14
Successfully	reproduced	in	lifetime	(1/0) 2.53 0.95 0.54 0.13 18.03 <.001
Successfully	reproduced	in	lifetime	×
 Mean	monthly	rainfall	in	first	year −0.03 0.02 4.27 .04 −0.02 0.02 1.02 .31
 SD	monthly	rainfall	in	first	year 0.02 0.01 3.19 .07 −0.01 0.01 0.24 .62























increased	 fitness	 payoffs,	 without	 any	 apparent	 costs	 (Figure	6a)?	
Previous	studies	investigating	the	effect	of	the	variability	of	early-	life	
ecological	conditions	on	later-	life	performance	in	a	wild	animal	system	
are	 lacking.	One	 possibility	 is	 that	more	varied	 early-	life	 conditions	
might	 influence	 individuals’	 physiological	 or	 cognitive	 development	
such	that	they	are	able	to	cope	with	a	greater	range	of	environmen-
tal	 challenges	 in	 later-	life.	 This	 hypothesis	 is	 supported	 by	 the	 fact	
that,	 at	 our	 study	 site,	years	with	 greater	variation	 in	monthly	 rain-




































































































































































































































































































































































































































































































































































































































































































































10  |     MARSHALL et AL.
rainfall	 values	 males	 experienced	 during	 early-	life	 to	 the	 range	 of	
monthly	values	they	would	experience	during	a	typical	male	lifespan	
(42	months,	Cant	et	al.,	2016),	 those	born	 in	highly	variable	periods	
(the	 top	 third	of	early-	life	SD	 rainfall	values)	 experienced	93%	±	7%	













ety	of	 childhood	psychological	 stressors	 is	 thought	 to	have	positive	
effects	on	some	cognitive	abilities	in	adults	under	stress	(Frankenhuis	
&	de	Weerth,	2013;	Frankenhuis	et	al.,	2015).	Finally,	 it	may	be	that	













on	 overall	 fitness	 payoffs,	 appeared	 to	mediate	 a	 life-	history	 trade-	
off	 (Figure	6b).	Depending	on	mean	conditions	during	development,	






during	development	have	an	 important	 influence	on	this	 life-	history	
resource	 allocation	 across	 an	 individuals’	 lifetime	 (Gluckman	 et	al.,	










versus	 reproduction	 trade-	off,	 while	 more	 variable	 early-	life	 condi-





fects	 on	males’,	 and	 not	 females’,	 later-	life	 fitness?	 Previous	 studies	
have	suggested	that	sex-	differences	in	the	effect	of	early-	life	ecologi-
cal	conditions	may	be	due	to	sex-	differences	in:	(1)	body	size	(Ancona	
&	Drummond,	2013;	Kruuk	et	al.,	 1999;	Millon	et	al.,	 2011),	 (2)	 the	
amount	 of	 care	 received	 during	 development	 (Kruuk	 et	al.,	 1999;	
Rubenstein	et	al.,	2016),	(3)	the	effect	of	early-	life	conditions	on	the	
development	of	reproductive	organs	(Wong	&	Kölliker,	2014)	and	(4)	









found.	 There	 is,	 however,	 evidence	 to	 support	 explanation	 (4)	 that	
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2016).	Females	 in	better	 condition	are	more	 fecund	and	have	more	





experienced	 in	 early-	life.	 In	 addition,	 females	 also	 start	 breeding	 at	
an	earlier	age	than	males	(Cant	et	al.,	2016)	and	are	pregnant	for	an	















further	 investigation.	 This	 agrees	 with	 other	 studies	 showing	 that	





greater	 telomere	 attrition	 as	 chicks	 (Nettle,	Monaghan,	 et	al.,	 2015)	
and,	as	adults,	 impaired	flight	performance	and	altered	foraging	and	
cognitive	behavior	(Andrews	et	al.,	2015;	Bateson,	Emmerson,	Ergün,	
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